and 1B). A probasal body lies alongside the basal body in G1 of the cell cycle, but, at the G1/S boundary, the probasal body extends and nucleates the formation of a new flagellum ( Figure 1C) Trypanosomes at these late stages (RNAi) approach to ablate expression of ␥-tubulin, and, after induction, we observe that the new flagellum is accumulated large nuclei, indicative of a failure of the intranuclear spindle. However, here we focus specifistill formed but is paralyzed, while the old flagellum is unaffected. Electron microscopy reveals that the cally on an early phenotype (observed from 48 hr postinduction), namely, the appearance of a high number of paralyzed flagellum lacks central pair microtubules but that the outer doublet microtubules are formed immotile cells within a morphologically normal population (see Movies 1 and 2 in the Supplemental Data availcorrectly. These differences in microtubule nucleation mechanisms during flagellum growth provide insights able with this article online for a comparison of a noninduced and an ␥-tubulin RNAi-induced cell). into spatial and temporal regulation of ␥-tubulindependent processes within cells and explanations for Important for our studies, the trypanosome cell has a useful attribute. It possesses one flagellum and conthe organization and evolution of axonemal structures such as the 9 ϩ 0 axonemes of sensory cells and structs a new flagellum during the cell cycle. Thus, observation of a trypanosome late in the cell cycle reveals primary cilia.
sates after RNAi induction. These experiments confirmed that cellular levels of ␥-tubulin protein were progressively depleted so that by 48 hr postinduction ␥-tubulin protein is To understand the paralysis of the new flagellum, we fixed and processed ␥-tubulin RNAi-induced trypanobarely detectable. In contrast, ␤-tubulin levels (␤-tubulin acts as both a loading and specificity control in these somes for analysis by thin-section electron microscopy. Given the early phenotype of a paralyzed new flagellum experiments) remain unaffected during the time course of the experiment ( Figure 2C ). Unfortunately, this antiand a motile old flagellum, we searched specifically for cells late in their cell cycles with two flagella (Figure 3 ). ␥-tubulin antibody is ineffective in immunolocalization studies.
One can know with certainty which is the old and which just such a role in this ciliate [13] . Our observations suggest that continued growth under conditions of ␥-tubulin depleWe quantified this differential effect on central pair and outer doublet flagellum microtubules by analyzing tion (for periods longer than discussed here) also results in the nucleation of aberrant basal bodies (data not 260 cross-sections of flagella from both control (noninduced) and experimental (␥-tubulin RNAi-induced) 72 hr shown). Thus, a ␥-tubulin-dependent nucleation step appears to be essential to centriole/basal body duplicapopulations (Figure 4) . Control axonemes showed a 9 ϩ 2 microtubule configuration. However, under ␥-tubulin tion. The nucleation of aberrant basal bodies (completely lacking triplet microtubules at certain positions RNAi-induced conditions, only 45% of axonemes exhibited the canonical 9 ϩ 2 configuration; 44.2% exhibited within the basal body structure) would also explain the few n ϩ 0 axonemes (axonemes with no central pair a 9 ϩ 0 microtubule configuration, 8.9% exhibited a 9 ϩ 1 configuration, and a few (1.9%) exhibited a n ϩ 0 and in which the outer doublet number varies from 9) that we observed at the 48 hr time point. There is no configuration, in which one or more outer doublets were also absent. In the case of the 9 ϩ 1 axonemes, we have doubt that these effects on basal body construction itself will increase with time but become overtaken by no evidence to suggest a differential effect on either the C1 or C2 central pair microtubule. These studies provide the late phenotype of mitotic/cell division arrest due to lack of ␥-tubulin nucleation of cytoplasmic and spindle direct evidence that ␥-tubulin functions to nucleate the central pair microtubules during flagellum morphogenemicrotubules. Although it has long been accepted that basal bodies sis but that nucleation of the outer doublet microtubules is a ␥-tubulin-independent phenomenon involving exact as the MTOCs for eukaryotic flagella/cilia, the molec- for some of these primary ciliary dyskinesias.
Supplemental Data Experimental Procedures
Supplemental Data including four movies that illustrate both the normal motility of the trypanosome flagellum as well as the paralyzed Trypanosome Growth flagellar phenotype that results following ␥-tubulin RNAi induction Procyclic T. brucei strain 29-13 (kindly provided by George Cross, are available at http://images.cellpress.com/supmat/supmatin.htm. Rockerfeller University, New York), which contains the genes encodAn annotated image of a trypanosome undergoing cytokinesis is ing T7 RNA polymerase and tetracycline repressor [22], was grown also presented, enabling a direct comparison to be made between in SDM-79 media supplemented with 15% fetal calf serum, 15 g these movies and the schematic representation of flagellar morphoml Ϫ1 G418, and 50 g ml Ϫ1 hygromycin. Cell growth was monitored genesis shown in Figure 1C . by using a CASY1 cell counter and analyzer system (Schä rfe System GmbH), and cultures were diluted on a daily basis to maintain a Acknowledgments density between 5 ϫ 10 5 and 5 ϫ 10 6 cells per milliliter.
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